ABSTRACT: Baseline entomological surveys were conducted in four sentinel sites along the Thailand-Myanmar border to address vector bionomics and malaria transmission in the context of a study on malaria elimination. Adult Anopheles mosquitoes were collected using human-landing catch and cow-bait collection in four villages during the rainy season from May-June, 2013. Mosquitoes were identified to species level by morphological characters and by AS-PCR. Sporozoite indexes were determined on head/thoraces of primary and secondary malaria vectors using real-time PCR. A total of 4,301 anopheles belonging to 12 anopheline taxa were identified. 
INTRODUCTION
The World Health Organization (WHO) reports that malaria continues to show ongoing transmission in 97 countries, leaving 3.2 billion people at risk. Africa traditionally has the highest burden with around 90% of the cases. Another region where malaria is a major public health problem is Southeast Asia (SEA), where over 1.3 billion people are at risk of malaria in ten malaria-endemic countries. The number of confirmed malaria cases decreased in the region from 2.9 to 1.6 million between 2000 and 2014. This is explained by several factors, including economic development, deforestation as well as preventive and curative strategies, including early diagnosis and prompt access to treatment, Artemisinin-based Combination Therapy (ACTs), and high coverage of long-lasting insecticidal-treated mosquito nets (LLINs). The SEA region has, however, become an area of major concern because of emerging resistance of Plasmodium falciparum to artemisinin derivatives and fear of the subsequent spread worldwide (Ashley et al. 2014 , Tun et al. 2015 .
In Thailand, malaria incidence has been reduced by 50-75% and the country is now entering the pre-elimination phase. Despite significant progress, malaria control remains difficult in foci located in forested areas and along the country borders with Myanmar and Cambodia due to complexities in scaling up malaria control interventions (Corbel et al. 2013 ). The ThailandMyanmar border accounts for 55% of malaria cases in Thailand, while Myanmar annually reports 20% of the total malaria cases in the SEA region. Malaria surveillance and control are difficult to implement due to the extensive population movements across the border, especially foreign workers who make disproportionate contributions to the malaria burden (Corbel et al. 2013) . The mobile populations and remote locations make efforts much more challenging, especially if effective control measures are not appropriately deployed on both sides of the border (Carrara et al. 2013) . The Thailand-Myanmar region is characterized by a forest and forest fringe area where local populations typically live in remote, hard-to-reach villages that place them in close proximity to very efficient anopheline vectors (Delacollette et al. 2009 ). At least 20 Anopheles species are known to play a role in malaria transmission along the border (Saeung 2012) . Of these vectors, the most prominent belong to the Dirus and Minimus complexes and Maculatus group (Manguin et al. 2010) . Within these complexes, the species that are deemed important malaria vectors are An. dirus, An. baimaii, An. maculatus, An. sawadwongporni, An. aconitus, An. pseudowillmori, and An. minimus (Muenworn et al. 2009 , Tainchum et al. 2015 . There is also suspicion of potential secondary vectors including An. epiroticus, An. barbirostris, and An. philippinensis (Saeung 2012) . The abundance and role of these secondary vectors is largely undetermined due to the focus on primary vectors.
Understanding the behavior and ecology of malaria vector species is essential to better address malaria transmission.
Along the Thai-Myanmar border, there is recent evidence of foci of asymptomatic and submicroscopic carriers , thus constituting a reservoir of parasites in a region where artemisinin resistance in P. falciparum has been documented (Phyo et al. 2012) . The persistence of malaria due to submicroscopic parasitemia and the potential spread of artemisinin resistance to India and Africa are of concern, as they may challenge the control and elimination of malaria worldwide (Mok et al. 2015) . With the support of the Wellcome Trust, the Bill and Melinda Gates Foundation, and the Global Fund Thailand, a pilot trial was initiated in four sentinel sites along the Thailand-Myanmar border to assess whether mass drug administration (MDA) using artemisinin-based combination therapies and single-dose primaquine could eliminate the parasite reservoir and contain P. falciparum artemisinin-resistance .
In this context, we conducted baseline entomological surveys during the rainy season to address vector bionomics and transmission prior the introduction of MDA in the community. Research in this area offers a unique opportunity to better understand Anopheles composition and behavior with hosts and feeding patterns that will aid in the development of more effective vector control in this region.
MATERIALS AND METHODS

Study area
Mosquito collections were conducted in four sentinel sites located within 10 km of the Thailand border considered representative of the area in terms of environment, ecology, population, and behavior ( Figure 1 ). Villages were Htoo Pyin Nyar or TPN (17° 14´ N, 98° 29´ E), Tar Au Ta or TOT (16° 36´ N, 98° 57´ E), Ka Nu Hta or KNH (17° 18´ N, 98° 24´ E), and Htee Kaw Taw or HKT (16° 85´ N, 98° 47´ E). The number of households in baseline at KNH, TOT, TPN, and HKT were 81, 138, 69, and 160, respectively. Houses were made essentially of wood and bamboo. The census population at the beginning of the study was 349, 745, 375, and 908 at KNH, TOT, TPN, and HKT, respectively . Residents were mainly farmers and forest workers.
Mosquito collection
Mosquito collections for this baseline survey were carried out in 2013 during the beginning of the rainy season, 23-27 April at TPN, 19-23 May at TOT, 11-15 June at KNH, and 23-27 June at HKT. Standard collection methods such as indoor and outdoor human-landing catch (HLC) and cow-bait collection (CBC) were used (Silver 2008) . In each village, one catch site was used for CBC, whereas five sites were used for HLC (both inside and outside the same household). Collections were carried out from 18:00-06:00 for five consecutive nights (equivalent to 50 personnight collections for HLC and five cow-night collections for CBC). Indoor and outdoor human-landing collections were conducted by two teams of two people at each catch site. The first team worked from 18:00 to 24:00, followed by a second team from midnight to 06:00. Teams were rotated between catching sites on successive nights to mitigate potential collector bias. HLC lasted for 45 min each hour followed by a 15 min break for collectors.
Human catch sites were distant by minimum 50 m from each other to avoid potential bias in attracting mosquitoes. The CBC involved placing a single adult cow under a clean (untreated) cotton bed net measuring 3.6 m length x 3.3 m width x 2.0 m height, with the net suspended 30 cm above the ground level to allow mosquitoes to access inside (Alemayehu et al. 2013 ). The net trap was placed approximately 100 m from the nearest HLC to avoid interference with it. The cow was exposed to mosquitoes entering the net uninterrupted for 45 min each hour. Mosquitoes landing on humans or resting on the net at time of collection were caught individually by glass tubes to address their anthropophagic and zoophilic preferences. Collected mosquitoes were kept in a clean plastic cup covered with netting and provided with 10% sugar solution soaked on cotton. Cups were then brought back to the Shoklo Malaria Research Unit (SMRU), Mae Sot, Thailand, for morphological identification at genus level. All collection sites were geo-referenced using a Global Positioning System and extracted with ArcGis ArcInfo 9.3 software.
Morphological identification
Mosquito identification at genus level (Anopheles, Culex, and Aedes) was carried out at SMRU. All Anopheles females were labeled, put in 1.5 ml tubes containing silica gel, and kept at -20° C to prevent mosquito degradation. Mosquitoes were then sent to the Department of Entomology, Faculty of Agriculture, Kasetsart University, Bangkok, and identified to the species level using morphological keys for Southeast Asian anophelines (Rattanarithikul et al. 2006 ).
Molecular identification of sibling species by Allele specific-PCR
All female Anopheles collected belonging to primary (An. minimus and An. dirus complexes and An. maculatus group) and secondary malaria vectors (An. barbirostris group, An. aconitus s.l., An. annularis s.l.) were cut in two parts to separate the head-andthorax from the abdomen-legs. Head and thorax were subjected to DNA extraction using the cetyl trimethyl ammonium bromide (CTAB) method (Murray and Thompson 1980) . DNA was used for molecular detection of sibling species within the Dirus complex, Maculatus group, and Minimus complex assemblages by using an allele-specific multiplex assay (AS-PCR) examining the ITS-2 region of the DNA (Walton et al. 1999 , Garros et al. 2004 , Walton et al. 2007 ). The following modifications were added in the protocols: the amplification was carried out in a 25 μl reaction mixture containing 0.5 units of Goldstar® Taq DNA polymerase (Eurogentec), 200 µM of dNTPs, 1.5 mM of MgCl 2 , 400 nM of each primers, and 4 µl of DNA template at working concentration. For the Minimus complex, after an initial denaturation step at 94° C for two min, 40 cycles were programmed as follows: 94° C for 30 s, 45° C for 30 s, 72° C for 40 s, and a final extension step at 72° C for five min. For the Maculatus group, after an initial denaturation step at 94° C for two min, 35 cycles were programmed as follows: 94° C for one min, 55° C for 30 s, 72° C for 30 s, and a final extension step at 72° C for 10 min. For the Dirus complex, after an initial denaturation step at 94° C for two min, 35 cycles were programmed as follows: 94° C for one min, 55° C for 15 s, 72° C for 40 s, and a final extension step at 72° C for ten min. The PCR products were subjected to electrophoresis on 2% agarose gel at 125v for 75 min and stained with ethidium bromide® (MO BIO Laboratories, Inc., 2746 Loker Avenue West, Carlsbad, CA).
qPCR assays for Plasmodium detection in the potential vectors
Real-time PCR was performed with a CFX-96® Biorad machine (CFX Manager 3.0 software) using universalthermocycling protocol and intercalating dye for the detection of 18S subunit of ribosomal RNA of Plasmodium falciparum, P. vivax, and P. malaria (Mangold et al. 2005) . The sequences of the primers were produced by BioDesign® and were as follows: forward PL1473F18 [5-TAA CGA AGA ACG TCT TAA-3] and reverse PL1679R18 [5-GTT CCT CTA AGA AGC TTT-3]. The published protocol of the assays was optimized on the machine to ensure PCR efficiency >90% as described in (Chaumeau et al. 2016) . Reactions were conducted using nine µl of EVAGreen® qPCR Mix Plus® (Euromedex, Souffelweyersheim, France) and one µl of DNA template for a total reaction volume of ten µl; the thermocycling protocol was 95° C for 15 min followed by 45 amplification cycles at 95° C for 15 s, appropriate annealing temperature for 15 s and 72° C for 20 s; characterization of the PCR product was performed with the melt curve analysis of the amplicons (95° C for 15 s, 68° C for one min, 80° C for 15 s, 60° C for 15 s, then 60° C to 90° C with an increment of 0.2° C per s). All samples were tested in triplicate. DNA samples of P. falciparum, P. vivax, and P. malariae were provided by the SMRU and used as positive controls for the determination of the melting temperature (Tm) that are species-specific (Mangold et al. 2005) . All positive samples were confirmed for Plasmodium species by sequencing (Macrogen © , Seoul, Korea).
Data analysis
The human-biting rate (HBR, the mean number of bites received per human per month) and the entomological inoculation rate (EIR, the number of infected bites received per man per month) were compared among villages using a one-way analysis of variance (ANOVA). The Median Catching Time (MCT), representing the time for which 50% of mosquitoes belonging to a given species were collected, was compared using a KruskallWallis test and Dunn's test for multiple comparisons. Sporozoite indexes (SI) for Pf (Si Pf ) and Pv (Si Pv ) were compared among villages using a chi-square test at 95% confidence interval and Bonferoni's correction was applied for multiple comparisons and Yates's correction when sample size was <5. All data were analyzed by using GraphPad Prism software (version 5, San Diego, CA).
RESULTS
Abundance, composition, and host-seeking preferences of malaria vectors
In (Figure 2 ). Other genetically related species were An. aconitus (n=3), An. varuna (n=18), and An. pampanai (n=9). Regarding the Maculatus group, four species, An. sawadwongporni, An. maculatus, An. pseudowillmori, and An. dravidicus were found in sympatry. Anopheles sawadwongporni was the predominant species, followed by An. maculatus ( Figure  2) . The relative proportion of An. maculatus was greater on humans (34%, 86/253) than on animal bait (19%, 78/422) ( Figure  2 ). Anopheles dirus complex was found exclusively on humans and was made of An. baimaii only.
The host-seeking behavior of malaria vectors was investigated by estimating the zoophilic and exophagic preferences for An. minimus, An. maculatus, An. sawadwongporni, and An. pseudowillmori (Figure 3) . Overall, An. minimus and An. pseudowillmori showed a slight preference to feed outdoors (exophagic indexes of 0.57 and 0.58, respectively) compared to An. maculatus and An. sawadwongporni (EI of 0.76 for both species). All vector species showed a greater tendency to feed on the animal bait, but An. minimus showed the lowest zoophilic index (0.70) comparatively to An. sawadwongporni, An. maculatus, and An. pseudowillormi (0.96, 0.90, and 0.93, respectively) ( Figure 3) . Anopheles baimaii showed high anthropophagic rates, but the low sample size precludes interpretation of its host-biting preference.
The analysis of median catching time (MCT) showed a statistically significant difference in the hourly biting behavior among malaria vector species (Kruskal-Wallis test, P <0.0001). Anopheles sawadwongporni, An. maculatus, and An. pseudowillmori collected on humans showed earlier biting activity (22:00-00:00) than An. minimus (01.00-02.00) (Dunn's multiple comparison test, p-value<0.001) (Figure 4 ). Some behavioral plasticity in relation to the host was noted for An. sawadwongporni and An. maculatus. Indeed, MCTs of these species were one h later when they were collected on the cow compared to humans (Dunn's multiple comparison test, p<0.001).
Biting rates, sporozoite index, and transmission intensity in the selected villages
The mosquito abundance and relative proportion of malaria vectors differed according to the site ( Figure 5) . HKT exhibited the largest number of Anopheles mosquitoes (n=1,670), followed by TPN (n=1,120), TOT (n=873), and KNH (n=638) ( Figure  5A ). Relative proportion of malaria vectors was greater at KNH (85%), TPN (74%), and HKT (61%) compared to TOT where only 37% of malaria vectors were found. Anopheles minimus was the predominant malaria vector species on humans at all sites ( Figure  5B ). With regards to cow-bait collection, An. sawadwongporni was predominant at TPN and KNH only ( Figure 5C ). Anopheles dirus, An. barbirostris, and An. annularis were found at very low densities. A much greater proportion of malaria vectors was collected with human-landing technique compared to cow-bait collection.
A total of 2,323 Anopheles was tested for the presence of Plasmodium spp. in salivary glands. Overall, 25 mosquitoes were positive for Plasmodium spp., representing a sporozoite index (SI) of 1.08% [95%CI0.66-1.50] (Figure 6 ). We noted a clear predominance for Pv infections (80%) over Pf infections (16%), with mixed infections representing 4% of the total. The infection rates for various Anopheles species are shown in the Figure 6 . SI was 6.25% for An. baimai (1 of 16), 1.4% for An. minimus (23 of 1,641), and 0.28% for An. sawadwongporni (1 of 361). Only malaria vector species collected on humans were found positive for Plasmodium infections. No secondary vectors were found infected with Plasmodium spp.
The modalities of malaria transmission in each village are summarized in Table 2 . The results showed that the mean HBR (bites/person/month) of primary vectors was significantly higher at ) compared to ), 
DISCUSSION
A better understanding of the vector composition, hostfeeding preferences, and malaria transmission is essential for epidemiology studies and for the implementation of integrated vector control management. The main objective of this study was to characterize the vector bionomics and vector infectivity at four sentinel sites along the Thailand-Myanmar border prior to the implementation of mass drug administration for malaria elimination and artemisinin-resistance containment.
Our data showed that the mean sporozoite index (1.08%) and malaria transmission intensity (3.2 infected bites/man/month) were relatively high at the beginning of the rainy season. This is in agreement with clinical data showing a rise of malaria incidence in the study area with the onset of the rains in April-May . We found predominance for Pv infections over Pf (Pv/ Pf ratio of 0.8), which is consistent with the malaria epidemiology with predominance of Pv infections in western Thailand (Carrara et al. 2013) . Widespread use of ACTs since the year 2000 is thought to be responsible for the progressive reduction of Pf incidence over Pv in both human and mosquito populations (Carrara et al. 2013 ). The proportion of mixed Pf/Pv infections was 4%, demonstrating that simultaneous inoculation of the two malaria species to humans does occur (Imwong et al. 2011) .
Interestingly, similar Plasmodium infection rates in vectors (0.8%) were recently reported in seven villages on the ThailandMyanmar border, confirming the presence of multiple malaria hotspots in this area (Sriwichai et al. 2016) . Even if our study was conducted once during the rainy season and cannot be used to extrapolate the magnitude of the transmission for the whole year, we demonstrated that malaria transmission greatly varied among villages. The heterogeneity of transmission together with low Pf sporozoite rates might then render difficult the evaluation of the impact of MDA on entomology endpoints. Additional entomological surveys will help to increase the sample size of potential malaria vectors and hence the chance to identify Plasmodium-infected mosquitoes. In our study, the highest sporozoite rate (6.25%) was recorded for An. baimai (Dirus complex), but results have to be taken with caution considering the small sample size (n=16). Due to its wide distribution, high abundance, and high infection rate (1.4%), An. minimus can be considered as the main malaria vector species in the study area. The host-seeking and biting preferences of An. minimus greatly contribute to its role in transmission. Indeed, An. minimus showed higher anthropophilic and endophagic indexes compared to other malaria vector species and were able to bite humans all night. Our study identified An. sawadwongporni as another Anopheles species involved in malaria transmission. Our findings showed that An. sawadwongporni exhibits high zoophilic and exophagic behaviors with preferences for biting humans in early evening (from 22:00 to 24:00). Other authors showed that this species had a greater predilection for feeding on cattle than on humans (Muenworn et al. 2009 , Sinka et al. 2011 . Interestingly, we showed that An. sawadwongporni and, to a lesser extent, An. maculatus and An. pseudowillmori exhibited different night-biting patterns according to the trapping method (MCTs were later with CBC than with HLC), suggesting some phenotypic plasticity in response to the availability of the vertebrate host. In this study, we were unable to properly address the host preferences and Plasmodium infection of secondary vectors due to the low number of specimens collected. This is unfortunate, considering that An. barbirostris and An. annularis were recently found infected with P. falciparum and P. vivax (as measured by enzyme-linked immunosorbent assay) along the Thailand-Myanmar border and they are likely to contribute to the transmission (Sriwichai et al. 2016 ).
The present study highlights the diversity and complexity of biting behavior of malaria vectors along the Thailand-Myanmar border that represent a formidable challenge for malaria control and elimination. Currently, the main vector control methods are still relying on LLINs and, to a lesser extent, indoor residual spraying. All these methods, however, target a small fraction of malaria vectors, the ones biting indoors and from 22:00 to 05:00 (that represents 21% of total anopheles). In addition, an important proportion of Anopheles is attracted by the animal bait (55% of total) and constitutes an important reservoir of potential malaria vectors within the village. Surprisingly, no Plasmodium-infected mosquitoes were found with cow-bait collection, suggesting the probable existence of vector population subgroups that may exhibit different host-seeking preferences. With the growing concern of malaria elimination along the Thailand-Myanmar border, innovative vector control methods based on vector characteristics and ecology should be deployed.
In conclusion, although transmission and mortality have declined over the past decade in the SEA region, progress is threatened by multi-drug resistance in P. falciparum, and this has prompted renewed efforts for elimination. Studies on vector ecology and behavior are essential to understand why the current control methods are ineffective at interrupting the residual transmission and will help identify the gaps in current vector control methods that must be addressed to achieve P. falciparum and P. vivax elimination.
